associated with the enzyme protein.
The optimumpH was 4.0, and the optimumtemperature of the enzyme was 45~50°C. The enzyme was completely stable over the range of pH 5.0~8.0 at 4°C for 24hr, and retained about 50%of its original activity after heating at 70°C for lOmin. The enzyme was partly inactivated by lmMAg+, Hg2+, and Fe2+.
The enzyme was characterized as an endocellulase on the basis of its action on carboxymethyl cellulose and cellooligosaccharides. The enzyme split cellopentaose, retaining the^-configuration of the anomeric carbon atoms in the hydrolysis products. The Kmvalue of the enzyme for carboxymethyl cellulose was 0.086%. It was active on carboxymethyl cellulose and cellooligosaccharides (cellotriose to cellohexaose), but not on either cellobiose or /?-nitrophenyl /?-dglucoside under the assay conditions used.
Cellulases
[l,4-(l,3;l,4)-/J-D-glucan 4-glucanohydrolase, EC 3.2. 1.4] are essential in the carbon cycle in nature. In most cellulolytic microorganisms, several cellulase components produced in the cluture filtrate together constitute a "cellulase system," ancj insoluble cellulosic substrates are converted to soluble sugar by their synergistic action.
Commercial crude cellulase products from Aspergillus niger have been fractionated and partially characterized by several investigators.1~9) Ikeda et al.1Otll ) reported the purification and some characteristics of a homogeneous cellulase from A. niger, with an unusually low optimum pH range (2.3~2.5). However,almost no detailed studies on the substrate specificity and mode of action of A. niger cellulases have been done. This paper describes the purification, physicochemieal and enzymic properties of an endocellulase from A. niger.
MATERIALS AND METHODS
Crude enzyme material. The ethanol-precipitated powder (lot No. C6600N) from a water extract ofa wheat bran culture of A. niger, kindly supplied by Amano Pharmaceutical Co., Ltd., was used as a starting material for the purification of cellulase. Enzymeassays. CMC-saccharification activity was used as the standard assay of cellulase. The reaction mixture contained 0.5ml of 1% CMCsolution, 1.0ml of 0.05m acetate buffer (pH 4.0), and 0.5ml of enzyme solution. After incubation at 30°C for an appropriate period, the reducing sugar produced per 1.0 ml of the reaction mixture was measured by the method of Somogyi14) and Nelson.15) One unit of the enzymeactivity was defined as the amount of the enzymethat catalyzed the liberation of reducing sugar equivalent to 1.0/imol of D-glucose per min under standard assay conditons.
Materials. Sodium carboxymethyl cellulose (CMC) was
CMC-liquefaction activity was measured using viscometry. The reaction mixture contained 1.5ml of 1% CMC solution, 3.0ml of 0.05m acetate buffer (pH 4.0), and 1.5 ml of enzyme solution. The mixture was incubated in
an Ostwald viscometer at 30°C and the viscosity was measured at intervals. The cellulase activity was expressed in terms of the specific fluidity, $sp {i.e., l/rjsp). Amylaseactivity was measured under the same conditions as CMC-saccharification activity, using 0.3% soluble starch solution as the substrate in place of CMC. One unit of the enzymeactivity was defined in the same wayas CMC-saccharification activity.
Aryl /?-glucosidase activity was measured using PPNPGas the substrate. The reaction mixture contained 0.2ml of0.0136m jS-PNPG, 0.4ml of0.05 M acetate buffer (pH 4.0), and 0.2ml of enzyme solution. After a suitable incubation period at 30°C, 0.4ml of the mixture was added to 10.0ml of 0.1m sodium carbonate, and the pnitrophenol liberated was estimated by measuring the absorbance at 420 nm. One unit of the enzyme activity was defined as the amount of the enzyme that catalyzed the liberation of 1. Chromatograms were developed by the descending technique with «-butanol-pyridine-water (6 : 4 : 3, v/v) at room temperature for 20hr. Products were detected by the dipping procedure using alkaline silver nitrate reagent.22)
RESULTS
Purification of the enzyme Unless otherwise stated, all fractionations of the enzyme were done in a cold room (4°C). The enzymepreparations at various stages of purification were concentrated by ultraflltration with a Diaflo UM-10 membrane (Amicon Corp.).
Step 1: Amberlite CG-50 column chromatography. The crude cellulase powder (12g) was dissolved in 400ml water, and fractionated with ammonium sulfate. The precipitate sedimenting at 60~80% saturation of ammonium c E50- Fractions No. 70 to 91, which contained most of the cellulase activity, were pooled and concentrated to about 4.7ml.
Step 2: Gel filtration on 1st Bio-Gel P-150. Theconcentrated samplewasput on a column of Bio-Gel P-150 (2.2 x 67cm) preequilibrated with 0.05 m acetate buffer (pH 5.0), and eluted with the same buffer. The fractions containing cellulase activity (tubes No. 40~52 in Fig. 2) were pooled and concentrated to about 3.3 ml.
Step 3: Gel filtration on 2nd Bio-Gel P-150. The same chromatography as in step 2 was done again. The fractions containing cellulase activity were pooled and concentrated to about 3.4ml.
Step 4: Gel filtration on 1st Sephadex G-50. The concentrated sample was passed through a Sephadex G-50 column (2.2x62cm) preequilibrated with 0.05m acetate buffer (pH 5.0). The active fractions of cellulase were pooled and concentrated to about 3.7ml.
Step 5: Gel filtration on 2nd Sephadex G-50. The same chromatography as in step 4 was done again. The fractions containing cellulase Table I . Summaryof Purification of a Cellulase from A. niger activity were pooled and concentrated to about 3 ml.
Step 6: Gel filtration on 3rd Bio-Gel P-150. The concentrated sample was passed through a Purity and molecular weight of the purified enzyme The purified enzyme showed a single protein band on polyacrylamide gel electrophoresis (Fig. 3) . No carbohydrate moiety associated with the enzymeprotein was detected by the phenol-sulfuric acid method. The molecular weight of the purified enzyme was estimated to be 31,000 by comparison of its relative mobility on SDS-polyacrylamide gel electrophoresis with those of standard proteins (Fig. 4 ).
Isoelectric point
The purified enzyme was subjected to isoelectric focusing to find its isoelectric point and also to check on its homogeneity. A sharp, single peak was obtained as can be seen in Fig.   5 . The enzyme was found to be an acidic protein, homogeneousand with an isoelectric point at pH 3.67. Effects of pHon the activity of the enzyme
The effects of pH on the activity of the purified enzyme were studied under standard assay conditions at 30°C for lOmin using ace- The purified enzyme (20^g) was put on a gel column of 10% polyacrylamide containing 0.1% SDS. Electrophoresis was done at room temperature at a constant current of 8mA per gel. Cytochrome c (MW 12,400), myoglobin (MW 17,800), ovalbumin (MW 45,000), and bovine serum albumin (MW67.000) were used as the molecular weight markers. The purified enzyme containing 1.8mg of protein and 116units of enzyme activity was put into a 110ml LKB column. After electrophresis at 4°C for 63hr under a constant voltage of 900V, each 2.0ml fraction was collected, and its enzyme activity, protein concentration and pH were assayed. -#-, protein concentration (A280 nm); -O-, CMC-saccharification activity; #, pH. O, held at 4°C for 24hr before assay for enzyme activity; x , held at 45°C for 2hr before assay for enzyme activity. Experimental details are described in the text. Reaction conditions: 1.5 ml of 1% CMCsolution, 3.0ml of 0.05m acetate buffer (pH 4.0), 1.5ml of 0.000014% purified enzyme, at 30°C for every 5 min of incubation.
heated at various temperatures for lOmin, then cooled in running tap water. The remaining cellulase activity was then determined with 0.25ml of each enzyme solution by the standard assay at 30°C for 10min. The results (Fig.  7) indicate that the enzyme is completely stable at temperatures below 60°C. The enzymeretained about 50% of its original activity on heating at 70°C, but was completely inactivated by heating at 80°C, under the conditions used.
Effects of temperature on the activity of the enzyme Enzyme solutions (0.027 unit) in 1.5 ml containing 0.05m acetate buffer (pH 4.0) were incubated with 0.5ml of 1% CMCsolution at different reaction temperatures for 10 min. The cellulase activity per 1.0ml of the reaction mixture was assayed. The optimum temperature for the activity of the enzyme was 45~50°C, as shown in Fig. 8 .
Effects of various metal ions and several enzyme inhibitors on the activity of the enzyme
Mixtures containing 0.5ml of the enzyme solution (0.135 unit) plus 1.0ml of buffered metal or inhibitor solution at pH 4.0 (or buffer alone) were held at 30°C for 10min. Then 0.5 ml of 1% CMCsolution was added quickly and after incubation at 30°C for 10min, the remaining cellulase activity per 1.0 ml of each reaction mixture was assayed. The final concentrations of metal ions and inhibitors in the reaction mixtures were lmMand 0.1 mM,respectively. Inactivation of the enzyme by the metal ions tested was found to be partial with 1 mMAg+, Hg2+ and Fe2+, corresponding to about 75, 67, and 55% inhibition, respectively. EDTAand the sulfhydryl reagents tested had no effect on the activity of the enzyme.
Degree of randomness of CMC-saccharification activity in the enzyme
The degree of randomness of the enzymein the hydrolysis of CMCwas examined. The enzyme was incubated with CMCunder standard assay conditions, and the decrease in viscosity of the incubation mixture and the formation of reducing sugars were measured every 5min. Then the increases in specific fluidity (</>sp) were plotted against the increases in reducing power. A straight line with the slope of an angle of about 30°was obtained for the enzyme (Fig. 9 ). This result indicates that the purified enzyme is a typical endo-ty\>Q cellulase with a medium randomness on hydrolysis of CMC.
Anomeric configuration of products The anomeric configurations of the reaction products formed by the enzyme were examined. The results are shown in Fig. 10 . The However, an immediate increase in the optical rotation was observed upon addition of ammoniumhydroxide to the reaction mixture.
This indicates that the j8-glycosidic linkage of the substrate was retained.
Kmvalue for CMC The Kmvalue of the enztyme for CMC was estimated from Lineweaver-Burk plots. Table   II summarizesthe Kmvalues of this enzyme and some purified endocellulases from other microbial sources, with the data of the specific activity values for the individual enzyme. aliquots of the hydrolysates were removedat the intervals indicated above and identified by paper chromatography. The relative amounts of hydrolysis products on the chromatograms were estimated from the color intensity and the size of the spots.
The enzyme could not attack either G2 or /?-PNPG even after a prolonged incubation (48hr).
When 10 times more enzyme (26.7 units) was used, G3 was only slightly hydrolyzed to give Gx and G2 after prolonged incubation (24hr). G4 was not attacked completely even after 24 hr of incubation, while G5
was hydrolyzed thoroughly after 4hr incubation to give products of G1 to G3 (G2^G3|>G1).
On the other hand, G6 was hydrolyzed completely within lOmin of incubation to give the products of Gt to G4 (G2>G4>G3|>G1). The enzyme easily hydrolyzed CMCin random fashion, however Gl5 cellooligosaccharides (G2~G6) and substituted cellooligosaccharides were practically not detected on the chromatograms, under the conditions used.
DISCUSSION
A highly purified cellulase was separated from a commercialcrude cellulase preparation of A. niger by ion-exchange chromatography with Amberlite CG-50, followed by the repetition of gel filtration on Bio-Gel P-150 and Sephadex G-50. The purified cellulase preparation was homogeneous on polyacrylamide gel as well as ampholine electrophresis, and was completely free from aryl jS-glucosidase. During the hydrolysis of CMCby cellulase components, there is usually a characteristic pattern in the relationship between loss of viscosity and increase in reducing power. Consequently, when the increases in specific fluidity (</>sp) in the enzymic reaction are plotted against the increases in reducing power, the slopes of the resulting curves are different. It has been reported that the highly purified cellulase components from T. viride23a4) and The values of both apparent Kmand specific activity of the purified enzyme for CMCwere compared with those obtained with purified endocellulases from other microbial sources (Table II) . The Kmvalue of this enzyme is close to that of T. viride cellulase II-A, as shown in Table II . However, the specific activity of the enzymeis about 4 times higher than that of T. viride cellulase II-A. Consequently, on the basis of both molecular weight and specific activity for CMCof these two enzymes, it seems probably that the turnover number of the purified enzyme is about 4 times larger than that of T. viride cellulase II-A. 23) The enzymewas incapable of attacking either G2 or jS-PNPG, but hydrolyzed various other substrates such as CMCand cellooligosaccharides (G3~G6) to various extents. G3
was only slightly attacked using a fairly large amount of enzyme. G4 was hydrolyzed much more slowly by the enzyme than G5 or G6. The modeof action of the enzymeon cellooligosaccharides was similar to that of an endocellulase from A. niger reported by Clarke and Stone,7) and Hurst et al.29) In case ofCMC, though the enzymefavored this substrate, Gl5 cellooligosaccharides (G2~G6) and substituted cellooligosaccharides migrating faster than G6 were not detected on the chromatograms as hydrolysis products even after prolonged incubation. This suggests that the enzyme randomly attacks CMCto form products having longer chain lengths than G6. The mode of actions of the purified enzyme on CMC and cellooligosaccharides indicates that this A. niger cellulase is an endoeellulase rCMCaseV (CMCase)
